contributes to nAChR upregulation in smokers.
Results

Anti-␣4 mAb299 and anti-␤2 mAb290 Antibodies Display Different Patterns of Subunit Recognition
We expressed the human α4 and β2 subunits by transient transfection in HEK293 cells followed by metabolic labeling. nAChRs were then solubilized with a mixture of lubrol/phosphatidylcholine (Green and Claudio, 1993 ) and immunoprecipitated with the commercially available anti-α4 mAb299 and anti-β2 mAb290 antibodies (Lindstrom, 1996; Whiting and Lindstrom, 1988) . We confirmed their high specificity, but also revealed unexpected patterns of subunit recognition (Figure 1A) .
First, mAb299 immunoprecipitated the α4 subunit either when α4 was expressed alone or when expressed together with the β2 subunit. In contrast, mAb290 recognized the β2 subunit only when β2 was expressed with the α4 subunit. In this latter condition, efficient coimmunoprecipitation was observed between α4 and β2, indicating that hetero-oligomerization had occurred after 3 hr of metabolic labeling. Thus, heterooligomerization of β2 with α4 is required for the interaction of mAb290 with β2, but not for the interaction of mAb299 with α4.
Second, with α4β2 transfected cells, the α4 and β2 subunit coimmunoprecipitated by mAb290 appeared both as double bands, with the major bands corresponding to those immunoprecipitated by mAb299 (called α4 m and β2 m , respectively), and minor bands of slightly higher molecular weight (called α4 c and β2 c , respectively). The apparent molecular weights for α4 m , β2 m , α4 c , and β2 c estimated on gels were 70, 51, 74, and 54 kDa, respectively.
Complex Oligosaccharide Glycosylation and Surface Export of the ␣4␤2 Receptors
We then tested the possibility that the different migration profiles correspond to different glycosylation states of the α4 and β2 subunits. Since different glycosylation states typically appear sequentially in the course of the maturation process, we metabolically labeled α4β2 transfected cells for 30 min, followed by a chase period of either 0 or 6 hr. After immunoprecipitation by mAb290, we performed digestions with PNGase-F, which reacts with glycoproteins by eliminating all carbohydrates from N-linked glycosylations, and α4β2 receptors (Nelson et al., 2003) . However, in conThe protein sequences of α4 and β2 reveal, respectrast to Triton X-100 solubilized receptors that give a tively, three (at positions 38, 88, and 155) and two (at narrow peak (confirmed in the present study, data not position 33 and 150) putative N-glycosylation sites shown), the decrease of this peak at the high sedi-(Monteggia et al., 1995). Interestingly, Endo-H treatmentation coefficients is relatively slow, indicating that ment reduced the apparent molecular weight by 3-4 higher molecular weight species potentially also bind kDa on both α4 c and β2 c , and PNGase-F removed 10 [ 3 H]-epibatidine. and 8 kDa, respectively, suggesting that one putative The oligomeric distribution of the different glycosylaglycosylation site in both α4 and β2 remains of the tion states of α4 and β2 subunits was assessed by methigh-mannose type, the remaining two (for α4) and one abolically labeling α4β2 cells for 3 hr and immunopreci-(for β2) being further processed to complex carbohypitating each fraction of the gradient with mAb290. drate. Figure 2B shows that α4 c and β2 c both exhibited a sinThese observations suggest that the α4 m and β2 m gle peak centered at the pentamer level, whereas α4 m correspond to subunits located in the proximal secreand β2 m species were more widely distributed, with tory pathway, from the ER to medial Golgi, while α4 c and β2 c have escaped from these compartments and around 60% of the total amount of each subunit sedihave undergone trimming and complex oligosacchamenting at a peak corresponding to the pentameric ride glycosylations in the medial-Golgi. Such a scheme form. The remaining 40% were spread in all the fracpredicts that surface α4β2 should be composed only of tions corresponding to higher sedimentation coeffi-α4 c and β2 c subunits. To test this possibility, we specificients, indicating the presence of a heterogeneous cally labeled surface receptors by subjecting the α4β2 population of oligomers containing more than five subtransected cells to a membrane impermeant biotinylaunits. tion reagent (sulfo-NHS-biotine), followed by an immuThese results show that subunit pentamerization ocnoprecipitation with mAb290 and immunoblotting with curs before carbohydrate trimming and processing, peroxydase-conjugated extravidine. Differential digesmost probably within the ER. The higher-order oligomer tion by Endo-H ( Figure 1B) no longer give rise to mature receptors and be eventuthe α4 and β2 subunits, along with a pECFP-Golgi proally degraded, or small aggregates resulting from protein, which contains the targeting sequence from hulonged solubilization in lubrol/phosphatidylcholine. In man β1,4-galactosyltransferase. After fixation of the this latter case, it is noteworthy that such species are cells, the β2 subunit was labeled by mAb290, and the not observed for subunits harboring complex oligosac-ER-associated protein disulfide isomerase was labeled charides, indicating that such aggregation would inusing a primary antibody. Figure 1C shows Figure 3A# shows that, in control and upregulated conditions, carbamylcholine displaced 13.4% ± 1.2% and 19.7% ± 7.0% of the [ 3 H]-epibatidine binding sites, respectively, indicating that (1) around 85% of the sites were not accessible to carbamylcholine and were therefore intracellular in both conditions and that (2) nicotine did not dramatically change the proportion of surface versus intracellular binding sites.
The changes in the amount of immunoprecipitated subunits associated to "upregulation in binding" was assessed by performing mAb299 or mAb290 immunoprecipitations of solubilized nAChRs from cells upregulated by increasing concentrations of nicotine. In all the following immunoprecipitation experiments, nicotine and nicotinic ligands were added to the culture medium 24 hr before metabolic labeling and remained at the same concentration during methionine deprivation, metabolic labeling, and chase step. In the present experiments, we selected a 3 hr metabolic labeling with no chase period. A roughly linear concentration-dependent increase in the amount of immunoprecipitated subunits was observed with both antibodies ( Figures  3B and 3C) , as a function of log([nicotine]), independent of the antibody used or the species considered. In particular, no significant change was observed upon nico- action of nicotine on the early step of subunit maturation.
Pharmacology of Upregulation of Immunoprecipitated Material
We tested the agonists nicotine (1 M) and carbamylcholine (1 mM) and the antagonist dihydro-β-erythroïdine DHβE (100 M)-all reported to elicit upregulation-and choline (1 mM), which is the precursor in the biosynthesis of acetylcholine. Figure 3D shows that a good correlation exists between upregulation in binding sites and in immunoprecipitation by mAb290 of the high-mannose species: 3.5 and 3.2 for nicotine upregulation in binding sites and immunoprecipitation, respectively, 2.7 and 3.3 for carbamylcholine, 3.1 and 3.3 for DHβE, and 2.1 and 2.6 for choline. It is noteworthy that the compounds were in all cases added to the culture medium 24 hr before performing the metabolic labeling (30 min) and the chase (45 min). This procedure was selected in order to optimize the intensity of the subunits carrying high-mannose carbohydrates as com- an Effect on the Early Steps of Subunit Maturation Time-resolved investigation of chronic nicotine action on the different stages of subunit processing was perupregulated α4β2 expressing cells to immunoprecipitation experiments, followed either by digestions with glyformed by pulse-chase experiments after 30 min metabolic labeling ( Figure 5 ). cosidases or sucrose gradient sedimentation analysis. Figure 1B shows that similar patterns of Endo-H/ In control condition, the high-mannose bands were most intense at 0 hr chase and decreased with apparPNGase-F digestion were observed between control and upregulated cells (lanes b and c) . After 30 min metent half-life times (t 1/2 ) around 8 and 6 hr in mAb290 and mAb299 immunoprecipitation experiments, reabolic labeling with no chase period, no complex glycosylated bands were formed, and nicotine increased the spectively (Figures 5A and 5C ). The subunits carrying complex oligosaccharides were absent at no chase, as amount of high-mannose subunits by about 3-fold. At the 6 hr chase period (lane d), high-mannose and comalready observed ( Figure 1B) . mAb290 immunoprecipitated increasing amounts of α4 c and β2 c during the first plex oligosaccharide subunits were increased in a similar manner by nicotine treatment, suggesting that 3 hr chase, followed by a slow decrease. Assuming that mAb290 recognized the high-mannose and complex nicotine did not significantly alter the subsequent processes of trimming and complex oligosaccharide glycarbohydrate species with similar affinities, these data suggest that around 60% of the α4 m /β2 m present at 0 cosylations.
Sucrose gradient analysis revealed that the oligohr chase are converted into α4 c /β2 c species in the course of subunit processing, the remaining subunits meric distribution is not qualitatively altered by the presence of chronic nicotine ( Figure 2C ). The subunits being degraded by the cellular machinery. In 1 mM nicotine upregulated conditions, the level carrying complex oligosaccharides remained completely associated in pentamers, and the ratio of pentaof immunoprecipitated subunits was strongly increased (Figures 5B and 5D ). At 0 hr chase, the high-mannose meric versus higher oligomeric states was not significantly changed for the high-mannose population.
bands were significantly upregulated as compared to control condition ( Figures 5E, 5F , 5H, and 5I), and conNicotine action resulted in a global increase (around 3-fold) in the amount of immunoprecipitated proteins, tinued to increase during the first 45 min of chase in the case of mAb290 (50% increase) to reach 1.8/2.3 and regardless of the type of oligomer.
Altogether, the main consequence of chronic nicotine 5.3/3.4 upregulation of the α4 m /β2 m species in mAb299 and mAb290 experiments, respectively. 45 min after is to increase the intensity of the high-mannose bands as early as 30 min after protein synthesis, thus providchase, all bands decreased following a biexponential decay with a main contribution (around 90%) of a halfing an unambiguous demonstration of an intracellular Figures 5G and 5J) .
Altogether, these data show a dramatic effect of nicolation of the subunits were not immunoprecipitated by mAb290 and that nicotine converted at least a fraction tine on the early step of subunit maturation: (1) the increase in mAb290 and mAb299 immunoprecipitation of this subpopulation into a conformation compatible with mAb290 recognition. Indeed, we showed that hetwas observed as soon as 0 hr chase, indicating an early ero-oligomerization of the β2 subunit was required for in their high-mannose form and were quantitatively digested by EndoH and PNGase-F, whereas at 6 hr mAb290 antibody recognition, indicating that newly synthesized β2 subunits are not recognized by mAb290. chase, subunits carrying complex carbohydrates appeared and were partially resistant to EndoH treatment To tentatively assess the contribution of the maturational process in upregulation, we developed a simpli-( Figure 6A , upper panels). The apparent molecular weight of all glycosylation states for both subunits were fied two-step sequential model presented in 
in SH-SY5Y Neuroblastoma Cells
These data show that the intracellular increase of the To investigate the contribution of this mechanism in high-mannose species observed upon transfection in neuronal cell lines, we used transiently transfected hu-HEK293 cells also occurs in SH-SY5Y neuroblastoma man α4β2 SH-SY5Y human neuroblastoma cells. These cells, at low micromolar concentrations of nicotine, incells resemble human fetal sympathetic neurons grown dicating that similar mechanisms of upregulation are in primary culture and express mRNAs for α3, α5, α7, taking place in both cell lines. β2, and β4 subunits (Lukas et al., 1993) and functional α7 and α3 containing nAChRs, the latter receptors being strongly upregulated by chronic nicotine (Peng et Discussion al., 1997). We first tried to metabolically label and immunoprecipitate with mAb290 the endogenous β2 subMaturation and Trafficking of ␣4␤2 Receptors Our results dissect some elementary steps of neuronal units from these cells, but found no specific bands, indicating that the amount of endogenous β2 subunits nicotinic receptor maturation and surface export. Subunits are initially synthesized as core-glycosylated were too low to be detected by this technique. We thus transfected these cells with the α4 and β2 subunits high-mannose glycoproteins. This type of carbohydrate is known to be inserted cotraductionally and to be using the calcium phosphate procedure. [
3 H]-epibatidine binding shows that nontransfected cells carry 3.2 characteristic of peptides residing in the proximal secretory pathway, from the ER to medial Golgi (Ellgaard ± 0.4 fmol/dish high-affinity binding sites, and this value raises to 4.9 ± 2.0 and 25.0 ± 13 upon upregulation by 1 and Helenius, 2003). Within this compartment, the α4 and β2 subunits rapidly hetero-oligomerize, a step dur-M and 1 mM nicotine, respectively. Upon transfection, high-affinity binding site increased, with 89.3 ± 8.0, ing which the β2 subunit undergoes a conformational maturation that allows interaction with mAb290. These 162.5 ± 5.2, and 271 ± 8.9 fmol/dish in control, 1 M and 1 mM upregulated conditions, respectively. It is processes result in the generation of a mixed population of pentameric oligomers and of a heterogeneous noteworthy that the transfected HEK293 cells express around 10-fold more binding sites than transfected higher molecular weight oligomer population that probably corresponds either to misfolded entities or to small SH-SY5Y.
In mAb290 immunoprecipitation experiments, metaaggregates formed from immature subunits (Cooper and Millar, 1997). bolic labeling for 30 min followed by different chase periods indicates that the processing of the α4 and β2
We also found that only pentameric receptors exit from these compartments, as observed for musclesubunit were similar in SH-SY5Y and HEK 293 cells. At 0 hr chase, the α4 and β2 subunits were present only type nAChRs (Smith et al., 1987) . Pentameric receptors We also show that the exit from the ER to medial Golgi compartment is a relatively slow process as comNicotine and Upregulating Ligands Act as Maturational Enhancer pared to the maturation steps. Maturation, as judged by hetero-oligomerization and mAb290 recognition, is Our dissection offered the possibility to directly assess the action of nicotine on the various cellular processes. nearly completed after 30 min, whereas trafficking and We demonstrate herein an action of nicotine on the early maturation of the subunit protein, since (1) nicotine acts intracellularly: nicotine elicits a major increase in the amount of high-mannose oligomers recognized by both mAb290 and mAb299. Since these oligomers are not found at the cell surface, these experiments demonstrate an intracellular action of nicotine, but also of carbamylcholine, DHβE, and choline; (2) nicotine acts shortly after protein synthesis: as soon as 30 min after protein synthesis, nicotine elicits a 2-fold increase in the amount of subunit immunoprecipitated by both antibodies; furthermore, nicotine also elicits a major change during the 45 min following the 30 min metabolic labeling, by increasing by 1.5-fold the amount of immunoprecipitation by mAb290; this indicates that, during this period, a fraction of the subunit oligomers are converted into species with a conformation that is recognized by mAb290. The fitting of the dynamic data with a simple sequential two-step model suggests that nicotine acts on a population of subunits/oligomers not 
, 2003). ration is not restricted to recombinant systems and
We do not observe significant changes in the α/β ratio seems to be a common property of nAChRs.
following upregulation in our immunoprecipitation exWhile the maturational enhancer mechanism is periments, but since these experiments examine the clearly the major cause of upregulation in our experientire population of the receptors, alteration of receptor mental paradigm, the present study is not incompatible stoichiometries within specific subpopulations cannot with other long-term effects of nicotine that were prebe ruled out. Further studies would be required to test viously reported. First, it is possible that a reduced these possibilities. turnover rate of the receptor makes a minor contribution to upregulation, as previously suggested for α3β2 In addition, the observation that upregulation is a conserved feature among neuronal heteromeric nAChRs, and β2 subunits (Wang et al., 1998) . Thus, the β2 subunit confers weak receptor maturation due to inefficient particularly those containing the β2 subunit, is intriguing. We previously found that the compact microsubunit interaction and/or assembly. This would result in a transient population of immature species called domain from the β2 subunit that confers both low maturational efficacy and strong upregulation is highly "nicotine-sensitive precursors," which are rapidly degradated in control conditions but rescued in the presconserved among species, including mouse, chick, rat, and human. This suggests that upregulation fulfills a ence of nicotine. In regard to the fast kinetics of receptor maturation at 37°C, it is likely that within the 30 min specific physiological role. Our observation that choline strongly upregulates the α4β2 receptor, at concentraof metabolic labeling these nicotine-sensitive precur- 
